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和文概要 
 
本論文は、高速炉における液体ナトリウムの漏洩や化学プラントにおける気
液分離を主な応用先として、液体噴流が固体面に衝突した際に生じる液滴飛散
の状況について実験的に調べたもので、全 7 章から構成される。第 1 章は序
論、第 2 章は実験装置の説明である。第 3 章では、最も基本的な体系として、
液単相噴流が円形ノズルより下向きに噴出する場合について検討した。液単相
噴流下向き衝突実験を行い、液滴飛散のメカニズムを二段階にわけて、二次液
滴の飛散率、平均径、液滴径分布を予測した。第 4 章では、ノズル形状の影響
を調べるため、４種類の楕円形ノズルを用いて実験を行い、第 3 章の実験結果
と比較した。第 5 章では、気液分離器に微小液滴が生成する理由を検討し、実
機に微小液滴の生成を抑える設計方法を提案した。第 6 章では、  噴流が天井
に衝突する場合、生成した液滴のサイズと割合の相関式を構築した。第 7 章は
全体のまとめと今後の展望である。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ABSTRACT 
 
Liquid jets are encountered in various industrial fields and many studies concerning 
liquid jets are in progress. In this work, five different liquids (water, two ethanol 
aqueous solutions, and two glycerin aqueous solutions with different concentrations) 
were used as the test liquids to explore the effects of surface tension and viscosity. 
Different ways of splashing droplets were employed, namely single-phase downward 
jet collision, two-phase downward jet collision and single-phase upward spray collision.  
During the downward jet collision, the splashing of the droplets was first divided into 
the jet breakup and the droplet impacting. Then, the impacting frequency was measured 
for three jet regimes laminar (Rayleigh), transient (first wind-induced) and turbulent 
(second wind-induced). Since the droplets were produced due to jet breakup, the impact 
frequency was zero just downstream of the nozzle and increased asymptotically with 
the distance from the nozzle. Thus, auxiliary correlations were developed for the 
minimal breakup length where the jet breakup was initiated, the maximal breakup 
length where the jet breakup was completed, and the mean droplet size and the impact 
frequency in the equilibrium region downstream of the maximal breakup length. Since 
the correlations depended on the flow regime, the boundaries between the three regimes 
were also determined using the present observation results. It was demonstrated that 
the impact frequencies calculated from the proposed model agree with the experimental 
data accumulated in this work fairly well. Next, experiments were carried out to 
measure the mass and size of the splashed secondary droplets during the impingement 
of the liquid jet. Using the experimental data accumulated in this work, dimensionless 
correlations were developed for the splash ratio (ratio of the droplet splash rate to the 
jet flow rate), the Sauter mean diameter, and the size distribution of splashed droplets. 
Finally, the applicability of the model was discussed when using oval nozzles and two 
phase jet collisions. On the other hand, during upward collision, the droplet generation 
was divided into the stages first falling droplet, satellite droplets and secondary droplets. 
The correlations of size and volume ratio of each kinds of droplets were developed. 
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1. INTRODUCTION 
1.1 Background 
The study of the collision of liquid jets is of considerable importance in many 
industrial fields. As an important example, liquid sodium is used as a coolant in many 
fast breeding reactors because of its excellent features such as low neutron moderation 
and absorption capabilities, high boiling point, high thermal conductivity, and low cost. 
However, sodium has high chemical reactivity. As a result, if liquid sodium leaks from 
the primary or secondary system of a sodium-cooled fast breeding reactor, liquid 
sodium reacts with oxygen and moisture in the air, causing a sodium fire [1]. Fig. 1.1.1 
shows an example of a sodium leak. Therefore, sodium fire analysis codes have been 
extensively developed and validated to assess pressure and temperature transients in the 
reactor containment after the onset of sodium leaks [2], [3]. 
The drained liquid sodium leads to a pool of liquid and / or droplets in the 
containment. Depending on the sodium leak, different types of combustion are possible: 
・ Pool combustion (see Fig. 1.1.2) 
The leaked sodium is spread evenly on the floor and the surface reacts with oxygen 
and moisture contained in the air on the surface of the pool. This type of combustion is 
less violent than the next type, spray combustion. 
・ Spray combustion (see Fig. 1.1.3) 
When sodium leaks from a broken portion of the pipe and hits a structure or other 
obstacle so that it is scattered into droplets, a combustion reaction between oxygen and 
moisture occurs on the surface of the droplets. 
 
The combustion intensity is generally high when liquid sodium is present in droplets, 
since the surface area of liquid sodium, where the combustion is initiated, is much larger 
than for the pool [4]. Considerable uncertainty is present in the amount and size of 
droplets postulated in the numerical analysis of sodium fires [5]. For sodium fire, one 
has to accurately assess the total volume and size of liquid sodium droplets. 
Furthermore, in many chemical plants and energy plants, gas-liquid separation is 
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performed by gravity after a gas-liquid mixture is fed into a gas-liquid separator. As 
shown schematically in Fig. 1.1.4, when the gas-liquid mixture hits the inner wall of 
the container, droplets of various sizes can be generated. If the size of the generated 
droplets is sufficiently large, it can be expected that the droplet falls due to gravity into 
the liquid pool. However, if the droplet size is small, they can be carried by the gas 
stream into the outlet pipe of the gas-liquid separator. In this case, the gas-liquid 
separation performance of the gas-liquid separator is reduced, which adversely affects 
the function of the downstream equipment, and may cause deterioration of the plant’s 
performance. 
 
 
Fig. 1.1.1 Place of leakage in a sodium-cooled fast reactor [6]. 
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Fig. 1.1.2 Pool combustion.          Fig. 1.1.3 Spray combustion. 
 
 
Fig. 1.1.4 Schematic diagram of the gas-liquid separator used in chemical plants. 
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1.2 Literature survey 
Various studies have dealt with the splashing of droplets in liquid impacts, Stow and 
Stainer measured the number and the size distribution of secondary droplets produced 
by the impact of single water droplets onto thin water films [7]. Wal et al. experimented 
with droplets splashing during impacting onto various depths of the liquid film [8]. 
Okawa et al. investigated the production rate of secondary droplets during the impact 
of single water droplets onto a plane water surface [9]. They showed that the mass ratio 
of the splashed droplets to the impacting droplet is a function of the impact Weber 
number and the Ohnesorge number. Yarin and Weiss performed experimental and 
theoretical analysis to study the consequences of successive droplet impacts on a solid 
surface [10]. Kim et al. investigated the effects of breakup length and impact velocity 
of liquid jets on the splash ratio of droplets [11]. Bhunia and Lienhart measured the 
splash rate of a continuous turbulent liquid jet impinging on a solid target [12]. Trainer 
studied the breakup length and the onset of splashing for air-assisted water jets [14]. 
These studies indicated that the status of liquid jets upon impact is significantly 
influential in the outcome of the collision; more secondary droplets are produced when 
the falling height is greater than the breakup length and the liquid is impacting on a 
solid surface as a broken jet. It is assumed that the droplet splashing mainly occurs 
when the primary droplets produced in to the jet breakup impinge on a liquid film 
formed on a solid surface. This implies that mechanical evaluation of the secondary 
droplet splash rate requires an accurate prediction of the primary droplet collision 
frequency. 
As one of the earliest studies concerning the liquid jet breakup, Rayleigh developed 
a mathematical model for the instability of liquid jets [15]. Weber showed that the 
breakup length of the liquid jet is inversely proportional to the jet velocity [16]. 
Ohnesorge classified the liquid jet breakup into four different flow regimes [17]. 
Sterling and Sleicher analyzed the aerodynamic interaction between the jet and the 
surrounding air and developed an equation that describes the rate of disturbance growth 
[18]. Lin and Reitz verified that the breakup length of the liquid jet can be expressed as 
a function of the jet exit velocity from a nozzle [19]. Grant and Middleman divided the 
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liquid jet into a laminar reigme at low velocity and a turbulent regime at high velocity. 
The experimental correlations for breakup lengths for the laminar and turbulent jets 
were developed in Ref. [20]. Lienhart and Day explored the role of the Reynolds 
number in causing the jet breakup [21]. Lin et al. showed that in the Rayleigh regime, 
the viscosity of air has little effect on jet breakup [22], [23]. Shibata et al. developed an 
empirical correlation for the breakup length taking into account the influence of gravity 
[24]. Cheong and Howes analyzed the droplet size which were produced following the 
jet breakup [25].  
Apart from circular nozzles, for liquid jets the shape of the nozzle is also important. 
Kasyap et al. investigated the effects of the aspect ratio of the nozzle and the effect of 
the viscosity of the liquid on the axis-switching process of an elliptical jet [26]. Caulk 
and Naghdi derived a one-dimensional Cosserat equation to approximate the dynamics 
of an elliptical jet based on negligible cross-sectional variations [27]. Wang and Fang 
reported water jets issued from four different orifices at low pressure conditions [28]. 
Suzuki et al. discussed the mechanism of regular breakup of liquid jets from oval 
orifices [29]. Bechtel et al. studied the effects of surface tension, viscosity and gravity 
on the instability of an elliptic jet [30], [31], [32]. Amini and Dolatabadi conducted 
theoretical and experimental investigations to analyze the instability of a low-speed 
liquid jet emerging from an elliptic nozzle [33].  
Many studies have been conducted on gas–liquid two-phase flows in tubes. 
Experimental results of flow patterns for vertical downward two-phase flow in capillary 
tubes are reported and flow pattern regime maps were presented by Galbiati and 
Andreini [34]. Ide et al. showed the effects of the tube diameters and aspect ratios of 
the channels on these flow parameters and the flow patterns [35]. Enoki et al. classified 
flow patterns into several flow regimes, and clarified the effects of the cross-sectional 
shape and flow direction on the flow pattern [39]. Kufferath et al. and Kushari et al. 
studied the physical quantities which affect the primary droplet generation [40], [41]. 
Shavit investigated the interaction between air and liquid in the breakup zone of twin-
fluid atomization [42]. Lal et al., Li et al. and Mlkvik et al. measured the dependence 
of the droplet size upon the liquid supply pressure and the air liquid mass ratio [43], 
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[44], [45]. Li et al. showed the effect of the viscosity of the liquid on atomization [46]. 
Sebecal et al. presented a linear stability analysis for a liquid sheet that includes the 
effects of the surrounding gas, surface tension and the liquid viscosity on the wave 
growth [47]. Saha et al. demonstrated the atomization of liquid film flow [48]. 
According to Fraser et al. [49], the instability of a thin liquid sheet results from the 
interaction with surrounding medium as air or gaseous medium leads to rapidly growing 
surface waves.  
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1.3 Objective 
While a lot of relevant research has been done on the bulk flow of liquids, there is 
considerably less knowledge on the behavior of droplets and splashing, which is the 
main danger in reactor accidents with sodium. Therefore, it is important to establish a 
method for predicting the mass and size of secondary droplets during jet collision. 
These issues have to be investigated through experiments. Since there are many factors 
that affect the formation of droplets, the collision target is limited to a horizontal plate 
to reduce the parameter space at least for the system geometry.  
In Chapter 2, the three experimental apparatuses used in this study are explained. 
In Chapter 3, a phenomenological model of secondary droplet generation is 
developed for the case where a downward liquid jet impinge onto a plate.  
In Chapter 4, the influence of the nozzle shape on the breakup of the liquid jet is 
investigated. 
In Chapter 5, the breakup of a two-phase jet is discussed to develop a method that 
can predict the carryover of droplets.  
For Chapter 6, experiments on upward collisions were conducted to investigate the 
generation of droplets when an ascending jet impacts on the ceiling. 
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2. EXPERIMENTAL APPARATUS 
In this chapter, an overview is given for the experimental apparatus used in the 
remainder of the thesis with a detailed description of the features.  
 
2.1 Experimental apparatus for (single-phase jet) downward collision 
The experimental apparatus for downward collision used in Chapter 3 and Chapter 4 
is shown schematically in Fig. 2.1.1. The test liquid was first prepared in the lower 
reservoir and conveyed to the upper reservoir using the pump. Then, the nitrogen 
cylinder was used to pressurize the upper reservoir. The needle valve was then opened 
and its opening was controlled to adjust the liquid flow rate to the desired value. The 
liquid flow rate was varied within 0.1-4 L/min and measured using the electromagnetic 
flowmeter which has an accuracy to within 0.5%. The rectifying tank was added as 
shown in the figure to improve the stability of the liquid jet. The liquid jet was backlit 
with an LED light, and a high speed camera was used for visual documentation. The 
spatial resolution was 0.03 mm/pixel in the measurement of the droplet diameter and 
0.39 mm/pixel in the measurement of the minimal breakup length L1, the maximal 
breakup length L2, the maximal impact frequency fmax and the impact frequency f; the 
frame rate and the shutter speed was set to 2000 frames/s and 10 μs. The cross-sectional 
views of the three discharge nozzles with different opening diameters used in this work 
are depicted in Fig. 2.1.2. In all the nozzles, the diameter of the flow channel was 
reduced conically from 16 mm to the values of the nozzle outlet diameter d0. The 
opening angle of the conical reduction was 30 degrees and the length of the straight 
section was 10 times the nozzle diameter d0. Three types of circular nozzles and four 
types of oval nozzles were used in this work. The sizes the nozzle are listed in Table 
2.1.1. 
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Fig. 2.1.1 Schematic diagram of the experimental apparatus used in Chapter 3 and 
4 of this thesis. 
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(a) Circular type 1 (b) Circular type 2 (c) Circular type 3 
  
(d) Oval type 1 (e) Oval type 2 
  
(f) Oval type 4 (g) Oval type 4 
Fig. 2.1.2 Cross-sectional views of the nozzles used behind the rectifying tank in 
the apparatus from Fig. 2.1.1. 
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Table 2.1.1 Geometry for the nozzles in Fig. 2.1.2. 
Shape 
 
Aspect ratio 
 
Exit area 
（mm2） 
d0 
（mm） 
Circular type 1 1 0.79 1 
Circular type 2 1 3.14 2 
Circular type 3 1 12.57 4 
Oval type 1 0.30 2.53 1.44 
Oval type 2 0.30 5.27 2.08 
Oval type 3 0.38 4.06 1.96 
Oval type 4 0.21 6.65 2.05 
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2.2 Experimental apparatus for (two-phase jet) downward collision 
The experimental apparatus for downward collision used in Chapter 5 is shown 
schematically in Fig. 2.2.1. Air was strea med with a compressor and water with a 
circulation pump were to the gas-liquid mixer to form a gas-liquid two-phase jet. Fig. 
2.2.2 shows the gas-liquid mixer in detail. Air was supplied from above at the upper 
end of the mixer, and water was supplied from 24 holes in the middle section of the 
mixer.  
To define the experimental conditions, the temperature and flow rate of the gas phase 
and the liquid phase were measured using a K-type thermocouple, an area flow meter 
(for the gas phase), and turbine flow meter (for the liquid phase) upstream of the gas-
liquid mixer.  
In addition, the jet flow was recorded with a high-speed camera for the purpose of 
qualitatively analysing the flow pattern of the jet and measuring the minimal breakup 
length L1 of the two-phase jet. The measurement accuracies were within 0.5 K for the 
fluid temperature, 5 L/min for the gas phase flow rate and 0.5 L/h for the liquid phase 
flow. During measurement with the high-speed camera, the jet was illuminated from 
behind using an LED light. The camera recording was done with 2000 fps at a shutter 
speed of 0.1 ms, and a spatial resolution of 0.0204 mm/pixel. 
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Fig. 2.2.1 Schematic overview of the gas-liquid mixer. 
. 
 
Fig. 2.2.2 Detail of the gas-liquid mixer equipped with discharge nozzle 
 in the center of Fig. 2.2.1. 
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2.3 Experimental apparatus for upward collision 
The apparatus used to investigate the upward collisions with a ceiling in Chapter 6 
is shown schematically in Fig. 2.3.1. A horizontal plate was installed as a ceiling above 
the struts. The struts could be adjusted for different the distances L between the nozzle 
and the target plate. With the test fuel in the tank, an upward jet was generated by 
pressurizing the tank using a compressor. The liquid flow rate was adjusted by a needle 
valve and measured using the electromagnetic flowmeter. The liquid jet was backlit 
using an LED light, and recorded with a high speed camera for visual recording. The 
spatial resolution was set to 0.15 mm/pixel, and the frame rate was set to 2000 frames/s. 
The spray nozzle produces different droplet diameter distributions depending on the 
inner geometry of the nozzle. In previous research, a full cone spray nozzle had been 
used in a study for a sodium combustion analysis code [50]. In the view of this, a full 
cone spray nozzle with a circular pattern was adopted in this work.  
 
 
Fig. 2.3.1 Schematic of experimental apparatus. 
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2.4 Test liquid and specifications of the components of the experiments 
Five test liquids with the physical properties listed in Table 2.4.1 were used in this 
work: pure water, as well as 20% and 40% aqueous solutions of respectively glycerin 
and ethanol. In the experiments with pure water, three circular nozzles and four oval 
nozzles depicted in Fig. 2.1.2 were used, while, only the 2 mm-diameter nozzle was 
used for the other four liquids. The physical properties of the test liquids are shown in 
Table 2.4.1. The Ohnesorge number is defined by Oh0 =  /√𝑑0. The liquid viscosity 
was measured by a tuning fork vibro viscometer and was accurate to within 1%. The 
surface tension was measured by a force tensiometer using the ring method and was 
accurate to within 3%, and the density by a measuring cylinder and an electronic 
balance, accurate to within 1%. The glycerin solutions were used mainly to investigate 
viscosity effects, since its surface tension was close to that of water but the viscosity is 
higher. On the other hand, the ethanol solutions were used mainly to explore the effect 
of surface tension, as the density is comparable to water but the surface tension lower. 
Further, specifications of the components of the experiments are given in Table 2.4.2. 
 
Table 2.4.1 Physical properties of the test liquids. 
Test liquid 
Surface tension 
(mN/m) 
Viscosity 
(mPas) 
Density 
(kg/m3) 
Nozzle diameter 
(mm) 
Oh0 
Water 72.5 1.00 998 
1.02 0.0037 
1.98 0.0026 
4.04 0.0019 
Glycerin 20% 71.4 1.68 1045 1.98 0.0043 
Glycerin 40% 67.6 3.87 1101 1.98 0.0100 
Ethanol 20% 45.0 1.35 981 1.98 0.0045 
Ethanol 40% 33.4 2.18 936 1.98 0.0087 
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Table 2.4.2 Specifications of the components of the experiments. 
Device Detail descriptions 
Target plate 
Material: SUS 304  
Diameter: 400 mm 
Flowmeter  
(For Sec. 3.1) 
Manufacturer: Toshiba 
Product code: LF 410 
Flowmeter for liquid phase 
(For Sec. 3.2) 
Manufacturer: Eggs DELTA 
Product code: FLM20-12PWC 
Flowmeter for gas phase 
(For Sec. 3.2) 
Manufacturer: Eggs DELTA 
Product code: RK2000-VD-S-Air 300L/MIN-0.5-0.1 
Flowmeter 
(For Sec. 3.3) 
Manufacturer: KEYENCE 
Product code: FD-M5AYP 
High speed camera 
Manufacturer: PHOTRON 
Product code: FASTCAM Mini UX 50 
LED lighting Manufacturer: IDT Japan 
LED lighting 
Manufacturer: Photron 
Product code: WTT‐30600 
Electronic balance 
Manufacturer: As One 
Product code: ASP 213 
Data logger 
Manufacturer: Eto Electric 
Product code: CADAC 3 
Data logger 
Manufacturer: Keyence 
Product code: NR-600 
Force Tensiometer: 
Manufacturer: KRÜSS  
Product code: K6 
Viscometer 
Manufacturer: A&D Company  
Product code: SV-10 
Liquid pump 
Manufacturer: Ogihara  
Product code: PF90-100A 
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Compressor 
(For Sec. 3.2) 
Manufacturer: ANEST IWATA 
Product code: SLP-37EFD 
Compressor 
(For Sec. 3.3) 
Manufacturer: TAKAGI 
Product code: ACP-13SLA 
Water tank 
(For Sec. 3.3) 
Manufacturer: Spraying Systems 
Product code: spray cart 2 
Full cone nozzle 
(For Sec. 3.3) 
Manufacturer: Spraying Systems 
Product code: Full cone spray nozzle TG-1 
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3. DOWNWARD COLLISION (SINGLE-PHASE JET) 
3.1 Model of droplet generation 
According to the analysis of the videos taken with the high speed camera, at the jet 
impact point of the jet, the splashing mainly occurs during the impacts of the primary 
droplets which are produced due to the jet breakup. The splashing rate was small when 
a continuous jet impinged (Fig. 3.1.1(a)) while a significant amount of secondary 
droplets was generated when the liquid jet impinged as a broken jet (Fig. 3.1.1(b)). This 
implies that the splashing rate is significantly influenced by the impact frequency f. 
In view of this, we tried to analysis the liquid jet breakup at the impingement in the 
first step. Mass and size of secondary droplets are measured afterwards. Fig. 3.1.2 
depicts the stages I, II and III that are of importance in determining the processes of 
splashing during liquid jet impingement onto a horizontal plate. The descriptions of the 
three sections and the typical physical quantities that represent each section are listed 
in Table 3.1.1.  
The liquid jet flow conditions at the stage I is specified in each experimental run. The 
splash ratio (volume of splashing secondary droplet to the flow rate at nozzle) Sp*= 
Sp/Q and the diameter of the secondary droplets ds are measured at the stage III as the 
physical quantities of main interest.  
Therefore, it would be straightforward to correlate Sp* and ds in terms of the liquid 
jet state at the stage I. However, it is obvious that the liquid jet state at the section II is 
more closely related to the splash ratio Sp*. From this perspective, this work takes a 
two-step approach: In the first step, the liquid jet condition in stage II is measured using 
a high-speed camera and correlated with respect to the liquid jet condition in stage I. In 
the second step, Sp* and ds were measured and correlated for liquid jet conditions in 
stage II. Since the droplets are mainly generated by the collision of the primary droplets 
generated by the breakup of the jet, the collision Weber number Wep = Up2dp /, 
Ohnesorge number Ohp =  /√𝑑p and the impact frequency f of the primary droplet 
are used as important variables of the correlation. 
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Next, a method was developed to predict f. Fig. 3.1.3 shows the value of f increased 
from 0 to fmax within a specific distance of L1 < L < L2, and it became fairly constant 
when L > L2. Therefore, f can be represented by the maximal impact frequency fmax, the 
(minimal) breakup length L1, and the maximal breakup length L2. To create the 
correlations for these quantities, L1, L2 and fmax are measured by using the high-speed 
camera experimentally. In summary, the variation of the impact frequency f with the 
fall height L is shown in Fig. 3.1.4.  
 
Table 3.1.1 Descriptions of the three stages. 
Stage Description Typical physical quantities Nomenclature 
I Liquid jet at the nozzle Nozzle diameter 
Jet velocity at the nozzle 
Fall height 
d0 [m] 
U0 [m/s] 
L [m] 
II State of liquid jet at the impingement Diameter of primary droplet 
Velocity of primary droplet 
Impact frequency 
dp [m] 
Up [m/s] 
f [ s-1] 
III State of secondary droplets Splash ratio Sp* [-] 
  Diameter of secondary droplet ds [m] 
 
  
(a) L = 250 mm (b) L = 500 mm 
Fig. 3.1.1 Visualization of the impact process (U0 = 3.7 m/s, d0 = 2 mm). 
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Fig. 3.1.2 Three stages characterizing the liquid jet impingement onto a horizontal plate. 
 
 
 
(a) (b) 
  
(c) (d) 
Fig. 3.1.3 Growth of impact frequency f with an increase in falling height L. 
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Fig. 3.1.4 Growth of impact frequency f with an increase in falling height L. 
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3.2 Flow regime of the liquid jet 
Within a certain distance from the nozzle, a continuous liquid jet with a smooth 
surface is obtained, but the jet surface develops an instability and the liquid jet 
eventually breaks up into droplets. The types of the jet breakup can be divided into the 
following five regimes [51], [52]: 
(1) Dripping regime 
(2) Laminar (Rayleigh) regime 
(3) Transitional (First wind-induced) regime 
(4) Turbulent (Second wind-induced) regime 
(5) Atomization regime 
Figure 3.2.1 schematically shows the variation of the breakup regime and the breakup 
length with an increase in the jet velocity. In the dripping regime at very low velocity 
(flow rate), capillary forces are more dominant than other forces, causing regular 
droplet ejection from the nozzle. Therefore, the length of the breakup is almost zero. In 
the atomization regime in the highest jet velocity range, the liquid jet breakup into very 
small droplets, the breakup length decreasing with increasing jet velocity. The jet flow 
rate is negligibly small in the dripping regime and the surface of the tiny droplets 
produced by the jet breakup serves as the main reaction field in the atomization regime. 
Therefore, in this work, experiments were mainly performed on the laminar, transitional, 
and turbulence regimes, where the surface serves as the primary reaction field for the 
droplets. The snapshots of jet breakup process for the three regimes are shown in Fig. 
3.2.2. In the laminar regime shown in Fig. 3.2.2(a), a laminar jet of smooth surface 
disintegrates to droplets due to the Rayleigh-Plateau instability. In the turbulent regime 
shown in Fig. 3.2.2(c), a turbulent jet interacts with surrounding air, and the shear force 
causes unstable waves on the interface, causing the jet breakup. As shown in Fig. 3.2.1, 
the breakup length increases with an increase in the jet velocity in these two regimes, 
whilst decreases in the transitional regime between them. They are described as follows: 
(a) Laminar regime (at low flow rate): The Plateau–Rayleigh instability caused the 
collapse of the liquid jet into droplets. Axisymmetric bumps and dips formed on 
the jet surface and grew to cause breakup of the liquid jet following thread cutting 
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(Fig. 3.2.2(a)). 
(b) Transitional regime (at medium flow rate): A transitional regime between the 
laminar and turbulent regime (Fig. 3.2.2(b)). 
(c) Turbulent regime (at high flow rate): Short wavelength asymmetric instability 
occurred on the jet surface due to the gas-liquid friction. This caused breakup and 
collapse of the liquid jet (Fig. 3.2.2(c)). 
Since the jet breakup mechanism was different for each flow regime, the dependence 
of the impact frequency on the experimental parameters such as nozzle diameter and 
jet flow was also different. This means that the impact frequency correlation is different 
for each flow region. Therefore, it is important to accurately estimate the state of the 
liquid jet flow. As shown in Figure 3.2.3, the dependence of the breakup length on the 
jet flow is a good indicator of the status of the jet flow. It was therefore assumed that 
the decay length increased with increasing jet flow in the laminar regime, decreased in 
the transitional regime, and increased again in the turbulent regime. In the experiments, 
the jet flow increased stepwise, and the flow pattern of the liquid jet was determined 
from the dependence of the minimal break length L1 on the jet flow. The flow patterns 
measured under each experimental condition are expressed on the Re0-Oh0 map in 
Figure 3.2.3. Here, the Reynolds number Re0 and the Ohnesorge number Oh0 are 
defined by Re0 = U0d0 / and Oh0 =  /√𝑑0, respectively. As can be seen in Fig. 
3.2.3, the flow regime of the liquid jet is classified using Re0 and Oh0 and the boundary 
between the laminar and transitional regimes can be expressed by 
 
 𝑂ℎ0 = 8.39𝑅𝑒0
−0.969 (3.2.1) 
 
The boundary between the transitional and turbulent regimes is expressed by 
 
 𝑂ℎ0 = 576𝑅𝑒0
−1.35 (3.2.2) 
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Fig. 3.2.1 Schematic diagram of the jet breakup regime. 
 
   
(a) (b) (c) 
Fig. 3.2.2 Visualization of jet breakup 
(a) Laminar (U0 = 1.77 m/s), (b) transitional (U0 = 4.38 m/s), (c) turbulent (U0 = 8.77 
m/s). 
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Fig. 3.2.3 Flow regime map of the liquid jet. 
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3.3 Jet breakup 
3.3.1 Primary droplet size and maximal impact frequency 
As shown in Fig. 3.1.4, the liquid jet starts to breakup into primary droplets at L1. The 
primary droplets are divided into two types. Downstream of L2 (L > L2), the liquid jet 
breaks up completely. For the droplet size measure, over 100 droplets were randomly 
selected from the movie data. The spatial resolution of the image was 30 m/pixel. In 
the droplet size measurement via image analysis, the original images were binarized 
using the ISODATA method: This procedure divides the image into object and 
background by taking an initial threshold, then the averages of the pixels at or below 
the threshold and pixels above are computed. The averages of those two values are 
computed, the threshold is incremented and the process is repeated until the threshold 
is larger than the composite average [58]. Fig. 3.3.1 shows a sample of the original 
binarized droplet image. 
When on the other hand, as shown in Figs 3.3.2 (a) and (c), the image was taken 
upstream of L2 (L2 > L > L1), the presence of a connected fluid stream which had not 
yet separated into droplets could be confirmed. In this study, it is assumed that one of 
the factors which strongly influences the scattering of a droplet is the diameter of its 
vertical projection, and this projection diameter can be obtained in order to predict the 
scattering phenomenon. In the following we assume that the projection diameters of the 
droplets downstream of L2 (L >L2) and upstream (L2 > L > L1) are almost the same. In 
both cases the primary droplet diameter dp can be estimated by Eq. (3.3.1). Sufficiently 
downstream from the nozzle (L > L2) in Fig. 3.3.2 (b) and (d), the size distribution of 
the primary droplets reached an equilibrium state. From the mass conservation, one can 
derive the relation between the volume-averaged droplet diameter dp in the equilibrium 
state, the maximal impact frequency fmax, and the volume flow rate of the liquid jet Q 
as 
 
 𝑄 =
𝜋𝑑p
3
6
𝑓max. (3.3.1) 
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This equation indicates that the maximal impact frequency fmax can be calculated if a 
correlation for dp is developed. The experimental values of dp for each flow regime are 
shown in Fig. 3.3.3. Here, the measurement error of dp is estimated to be within ±0.03 
mm of the spatial resolution of the images taken with the high speed camera. The error 
bars in the figure denote the standard deviation of the droplet size distribution. In the 
laminar regime, the jet breakup was caused by the Plateau–Rayleigh instability. The 
wavelength of Plateau–Rayleigh instability is related to the diameter of the jet in 
equilibrium base state if the influence of gravity is neglected. However, the jet was 
found to be thinner before the breakup occurs. Therefore, the influence of gravity 
cannot be ignored. It is hence expected that the droplet size is related to the diameter of 
the jet shortly before the breakup. If the effect of friction exerted by ambient air is 
neglected, the jet velocity U1 at the height L = L1 is calculated by 
 
 𝑈1 = √2𝑔𝐿1 + 𝑈0
2. (3.3.2) 
 
From mass conservation, the jet diameter d1 at L = L1 is calculated by 
 
 𝑑1 = 2√
𝑄
𝜋𝑈1
. (3.3.3) 
 
Based on the above discussion, the experimental values of dp for the laminar regime 
are plotted against the calculated values of d1 in Fig. 3.3.3(a). It can be seen that dp is 
fairly proportional to d1 and derived as  
 
 𝑑p = 2.09𝑑1. (laminar regime) (3.3.4) 
 
In the transitional and the turbulent regimes, dp was rather insensitive to the flow rate 
of the jet and properties of the liquid. As shown in Figs. 3.3.3(b) and (c), dp was 
expressed by the sole functions of the nozzle diameter d0 with 
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 𝑑p = 1.78𝑑0, (transitional regime) (3.3.5) 
 
 𝑑p = 1.85𝑑0. (turbulent regime) (3.3.6) 
 
Substituting the correlations of dp from Eqs. (3.3.4)-(3.3.6) into Eq. (3.3.1), the 
correlations for fmax are  
 
 𝑓max =
0.657𝑄
𝜋𝑑1
3 , (laminar regime) (3.3.7) 
 
 𝑓max =
1.06𝑄
𝜋𝑑0
3 , (transitional regime) (3.3.8) 
 
 𝑓max =
0.948𝑄
𝜋𝑑0
3 . (turbulent regime) (3.3.9) 
 
The measurement error of the maximal impact frequency is estimated to be within 
±5×10-4 Hz from the frame rate of the movie data. The values of fmax calculated by Eqs. 
(3.3.7)-(3.3.9) are compared with the experimental data for different kinds of liquid 
used in Fig. 3.3.4 and show good agreements between theoretical and experimental 
data. 
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 (a) original                       (b) binarized 
Fig. 3.3.1 Photo of primary droplets and processed picture. 
 
 
  
    
  
(a) L 1 < L < L 2 (b) L > L 2     (c) L 1 < L < L 2 (d) L > L 2 
Q = 300 ml/min     Q = 1400 ml/min 
Fig. 3.3.2 Snapshots of complete and incompletely breakup into droplets at different 
falling heights (d0 = 2mm). 
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(a) Laminar regime 
  
(b) Transitional regime 
  
(c) Turbulent regime 
Fig. 3.3.3 Correlations for the diameter of the primary droplets in the equilibrium state 
(L > L2). 
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(a) Laminar regime 
  
(b) Transitional regime 
  
(c) Turbulent regime 
Fig. 3.3.4 Comparisons of the calculated and measured impact frequency in the 
equilibrium state (L > L2). 
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3.3.2 Minimal and maximal breakup lengths 
As shown in Table 3.3.1, many previous studies on the breakup length of liquid jets 
have proposed correlation equations at laminar and turbulent regimes depending on the 
Froude number of the liquid jet. However, most of the studies could only predict the 
average breakup length. Further research for the breakup of liquid jets necessary to 
predict the impact frequency. As illustrated in Fig. 3.1.4, the impact frequency f is 0 for 
L < L1, f is equal to fmax for L > L2, while f increases from 0 to fmax within L1 < L < L2. 
Reliable correlations for the minimal breakup length L1 and the maximal breakup length 
L2 are hence needed to predict f accurately. 
In the present experiments, the breakup length fluctuated periodically with time. 
Thus, from the movies of the liquid jet taken by the high-speed camera, the minimal 
distance between the nozzle and the first breakup position within 0.5s was defined as 
L1. This time period was assumed to be sufficient since the minimal breakup length 
fluctuated over 20 times. The experimental values of L1 for laminar, transitional and 
turbulent regimes are plotted against the appropriate dimensionless parameters in Figs. 
3.3.5(a)-(c), respectively. Here, the measurement error of the breakup length is 
estimated within ±0.39 mm from the spatial resolution of the images of the liquid jet. 
In the laminar regime, the jet breakup was caused by the Plateau–Rayleigh instability 
at long wavelengths. Thus, the effect of the viscosity was not noticeable and L1 was 
expressed by the following function of the Weber number We0 (= U02d0 /) as 
 
 
𝐿1
𝑑0
= 24.9𝑊𝑒0
0.409. (laminar regime) (3.3.10) 
 
In the transitional and turbulent regimes, instability of shorter wavelengths formed 
on the jet surface due to friction with the ambient air. Thus, the viscous effect was not 
negligible and L1 was correlated by the following functions of We0 and Oh0 as 
 
 
𝐿1
𝑑0
= 889𝑊𝑒0
−0.396𝑂ℎ0
0.0931, (transitional regime) (3.3.11) 
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𝐿1
𝑑0
= 0.0989𝑊𝑒0
0.5𝑂ℎ0
−0.439. (turbulent regime) (3.3.12) 
 
As depicted in Fig. 3.1.4, the impact frequency f was computed as a function of L 
and the maximal breakup length L2 was taken as the value of L at which f reached its 
equilibrium value. As can be seen in Fig. 3.3.6(a), it was found that in the laminar 
regime, L2 is roughly proportional to L1 and correlated by 
 
 𝐿2 = 1.35𝐿1. (laminar regime) (3.3.13) 
 
In the transitional and turbulent regimes, the liquid jet was first broken into long 
liquid columns. The liquid columns then disintegrated into smaller droplets during the 
fall. In consequence, L2 was not proportional to L1 as in the case of the laminar regime 
and fairly good correlations were obtained for the difference between L1 and L2 as 
shown in Figs. 3.3.6(b) and (c). The correlations drawn as solid in Figs. 3.3.6(b) and (c) 
are given by 
 
 
(𝐿2−𝐿1)
𝑑0
= 27378𝑊𝑒0
−0.486𝑂ℎ0
0.529, (transitional regime) (3.3.14) 
 
 
(𝐿2−𝐿1)
𝑑0
= 1.74𝑊𝑒0
0.409𝑂ℎ0
−0.218. (turbulent regime) (3.3.15) 
 
The dashed lines in Figs. 3.3.3-3.3.6 indicate the approximate error range. Most 
experimental data fell into a range of 15% relative error. The data for L1, L2 and fmax 
were fitted within an error of ±30% in the laminar regime and turbulent regimes. The 
scattering was however increased to ±50% in the transitional regime between the 
laminar regime and the turbulent regime. 
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Table 3.3.1 Equations of breakup length in the literature. 
Laminar regime 
Grant and Middleman [20] 
𝐿b
𝑑0
= 19.5 (𝑊𝑒0.5 + 3
𝑊𝑒
𝑅𝑒
)
0.85
 
Weber [16] 
𝐿b
𝑑0
= 12 (𝑊𝑒0.5 + 3
𝑊𝑒
𝑅𝑒
) 
Shibata [24] 
𝐿b
𝑑0
= 2.2𝑊𝑒0.28𝐹𝑟0.78 
Sallam [53]  
𝐿b
𝑑0
= 5.0𝑊𝑒0.5 
Erriguible [54] 
𝐿b
𝑑0
= 8.45𝑊𝑒0.5 
Erriguible [54] 
𝐿b
𝑑0
= 4.28𝑊𝑒0.7 
Turbulent regime 
Grant and Middleman [20] 
𝐿b
𝑑0
= 8.51(𝑊𝑒0.5)0.64 
Shibata [24]  
𝐿b
𝑑0
= 7.0 (𝑊𝑒0.5)0.64 
Sallam [53] 
𝐿b
𝑑0
= 2.1𝑊𝑒0.5 
Trainer [55] 
𝐿b
𝑑0
= 3.7 (𝑊𝑒0.5 + 3
𝑊𝑒
𝑅𝑒
)
0.85
 
Miesse [56] 
𝐿b
𝑑0
= 540 𝑊𝑒0.5 𝑅𝑒5/8 
McCarthy [57] 
𝐿b
𝑑0
= 1.7𝑊𝑒0.5 (𝑅𝑒 × 10−4)−0.625 
 
 
35 
 
 
(a) Laminar regime 
  
(b) Transitional regime 
 
(c) Turbulent regime 
Fig. 3.3.5 Correlations for L1, the minimal distance between the nozzle and the first 
breakup position. 
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(a) Laminar regime 
  
(b) Transitional regime 
  
(c) Turbulent regime 
Fig. 3.3.6 Correlations for L2, the value of L at which f reached  
its equilibrium value. 
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3.3.3 Impact frequency 
To derive the correlation for the impact frequency f, the value of f for each 
experimental condition was scaled by fmax (the dimensionless impact frequency f
* = f / 
fmax) and the distance from the nozzle was scaled by L1 and L2 (the dimensionless 
distance L* = (L  L1) / (L2  L1)). The relations between L* and f* for the different 
regimes are shown in Fig. 3.3.7. From the definitions of fmax, L1, and L2, the value of f
* 
is zero at L* = 0 and increases asymptotically to 1. The dependence of f* on L* can be 
expressed using the error function erf so that  
 
 2𝑓∗ − 1 = erf (𝑘(2𝐿∗ − 1)). (L1 < L < L2) (3.3.16) 
 
where k is the fitting parameter and the optimal value for each flow regime is shown in 
Table 3.3.2. 
To test the predictive performance of the present model for f, the values of L* and f* 
were calculated using the experimental data of f and the calculated values of L1, L2 and 
fmax by the correlations developed in Eqs. (3.3.4)- (3.3.15). The relation of L
* and f* in 
each flow regime is compared with Eq. (3.3.16) in Fig. 3.3.8. In the laminar and 
turbulent regimes, the agreement is fairly good. However, the data scattering is rather 
significant for the transitional regime. The reason is that a jet breakup is very 
complicated since the laminar and turbulent jets coexist. It can be assumed that a 
deterioration of the predictive performance to some extent is inevitable in the 
transitional regime. 
In the application to the coolant leakage in fast reactors, underestimation of f would 
lead to the underestimation of droplet splashing and sodium fire. When a conservative 
estimate is required as for the safety analysis of nuclear power plants, it will be 
necessary to multiply the safety factors a to L1 and b to fmax. The recommended values 
of a and b are also presented in Table 3.3.1. The results of comparison when the safety 
factors are used are displayed in Fig. 3.3.9. The measured data lie below the curve for 
the conservative estimates since the dimensionless impact frequencies calculated from 
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the experimental data is smaller than the predictions by Eq. (3.3.16) in all the 
experimental conditions tested in this work. 
 
Table 3.3.2 Recommended values for the fitting parameter and safety factors. 
 (a) laminar regime (b) transitional regime (c) turbulent regime 
k 1.5 1.2 1.5 
a 0.82 0.72 0.82 
b 1.3 1.8 1.3 
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(a) Laminar regime 
  
(b) Transitional regime 
  
(c) Turbulent regime 
Fig. 3.3.7 Relation between the dimensionless distance from the nozzle L* and the 
dimensionless impact frequency f*. 
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(a) Laminar regime 
  
(b) Transitional regime 
  
(c) Turbulent regime 
Fig. 3.3.8 Predictive performance of the impact frequency correlation.  
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(a) Laminar regime 
  
(b) Transitional regime 
 
(c) Turbulent regime 
  Fig. 3.3.9 Conservative estimation of the impact frequency.  
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3.3.4 Impact velocity 
For determining the splashing rate, not only hydraulic impact diameter dp but also the 
impact velocity Up of the impacting droplets is important. The drop velocity is equal to 
U1 at L = L1 and the gravitational and the drag forces act on the droplets for L > L1. 
Assuming a freely falling liquid jet, the jet velocity at L = L1 is expressed by 
 
 𝑈1 = 𝑈0√1 +
2𝑔𝐿1
𝑈0
2 . (3.3.17) 
 
The equation of motion of a droplet falling under air resistance is 
 
 𝜌l
𝜋𝑑P
3
6
g −  
1
2
𝐶D𝜌g
𝜋𝑑P
2
4
𝑈2  =  𝜌l
𝜋𝑑P
3
6
𝑑𝑈
𝑑t
. (3.3.18) 
 
For simplicity, the mass m of the droplet, the reference area S, and the acceleration 
𝑎P are  
 
𝑚 = 𝜌l
π𝑑P
3
6
, 𝑆 =
π𝑑P
2
4
, 𝑎P =  
𝑑𝑈
𝑑t
. 
 
The equation of motion is 
 
𝑚g −
1
2
𝐶Dρg𝑆𝑈
2 = 𝑚𝑎P, 
 
g −
𝐶D𝜌g𝑆𝑈
2
2𝑚
= 𝑎P. 
 
Setting the constant C1 as  
 
𝐶1 =  
𝐶D𝜌g𝑆
2𝑚
, 
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we can transform the equation into 
 
𝐶1 =  
𝐶D𝜌g
π𝑑P
2
4
2𝜌l
π𝑑P
3
6
=  
3𝐶D𝜌g
4𝑑0𝜌l
. 
 
The original equation of motion Eq. (3.3.19) become. 
 
 g − 𝐶1𝑈
2 = 𝑎P. (3.3.19) 
 
Differentiating Eq. (3.3.19) with respect to time yields 
 
−𝐶12𝑈
𝑑𝑈
𝑑𝑡
=
𝑑𝑎P
𝑑𝑡
. 
 
Replacing dU / dt with ap we obtain 
 
−𝐶12𝑈𝑎P =
𝑑𝑎P
𝑑𝑡
. 
 
Integrating U over t 
 
∫ 𝑈𝑑𝑡 =
1
−2𝐶1
∫
1
𝑎P
𝑑𝑎P 
 
leads to 
 
 𝐿＝
1
−2𝐶1
ln𝑎P + 𝐶2. (3.3.20) 
 
For obtaining the constant C2, L = L1 is substituted. L is the falling direction of the 
droplet, so that we have 
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 C2 = 𝐿1 +
1
2𝐶1
ln 𝑎1. (3.3.21) 
 
Computing a1 from Eq. (3.3.19) leads to 
 
𝑎1 = g − 𝐶1𝑈1
2. 
 
Inserted into Eq. (3.3.21) gives 
 
𝐶2 = 𝐿1 +
1
2𝐶1
𝑙𝑛 (g − 𝐶1𝑈1
2). 
 
Substituting C2 into Eq. (3.3.20) leads to 
 
𝐿 =
1
−2𝐶1
ln 𝑎P + 𝐿1 +
1
2𝐶1
ln(g − C1𝑈1
2), 
 
𝑎P = (𝑔 − 𝐶1𝑈1
2)𝑒−2(𝐿−𝐿1)𝐶1. 
 
According to Eq. (3.3.19), the acceleration ap at an arbitrary position L is calculated 
by 
 
𝑎P = g − 𝐶1𝑈p
2. 
 
The falling speed Up finally becomes 
 
 𝑈p = √
g−(g−𝐶1𝑈1
2)𝑒−2(𝐿−𝐿1)𝐶1
𝐶1
, (3.3.22) 
 
with 
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 𝐶1 =  
3𝐶D𝜌g
4𝑑p𝜌l
. (3.3.23) 
 
According to Clift and Gauvin [60], the drag coefficient CD is expressed by 
 
 𝐶D =
24(1+0.15𝑅𝑒0.687)
𝑅𝑒
+
0.42
(1+4.25×104𝑅𝑒−1.16)
. (3.3.24) 
 
The average value of the drag coefficient under the present experimental conditions 
was 0.58 and the deviation from the average was small (-4 to 6%). The droplet velocities 
calculated by Eq. (3.3.22) are compared with the experimental data in Fig. 3.3.10. It 
can be confirmed that the present method predicts the droplet velocity within an error 
of 15%. 
 
 
Fig. 3.3.10 Comparison of the calculated and measured velocity of  
the primary droplets Up. 
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3.4 Splashing 
3.4.1 Splash ratio 
To measure the splash ratio, a triangular cut of a hygroscopic paper as screen was 
positioned on the droplet collection device as shown in Fig. 3.4.1. The amount of 
splashed droplets was measured from the weight difference of the paper before and after 
capturing the splashed droplets over a period of 30s. From the recordings of the high-
speed camera, it was confirmed that splashed droplets were properly absorbed by the 
screen. The amount of splashed fluid absorbed by the screen was measured for durations 
of for 30 seconds and 60 seconds under low scattering and high scattering (Table 3.4.1). 
Under any conditions, the measurement error of Sp* was estimated to be within 5%. It 
should be noted that if the distance between the collecting screen and the target plate is 
too small, the liquid film may touch the hygroscopic paper directly while if the distance 
is too large, some of the droplets may not reach the hygroscopic paper. The influence of 
the distance between the droplet collection device and the target plate H on the measured 
splash ratio Sp* is shown in Fig. 3.4.2. Here, Sp* is taken as the mass of the splashed 
droplets per time normalized by the mass flow rate of the liquid jet. It can be seen that 
the variation is negligible within a range of H = 22-28 mm, so that H was chosen as 25 
mm for measurements. In addition, from the recordings of the high-speed camera, it 
could be confirmed that in the present experimental setup, direct contact of the 
hygroscopic papers with the liquid film was avoided and the splashed droplets were 
safely captured by the hygroscopic paper.  
The splash ratio Sp* is defined as the ratio of the droplet splashing volume per unit 
time Sp to the liquid flow rate Q as 
 
 𝑆𝑝∗ =  
𝑆𝑝
𝑄
. (3.4.1) 
 
Assuming that the splash of secondary droplets mainly occurs during each impact of 
primary droplet produced following the liquid jet breakup, Sp is calculated by 
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 𝑆𝑝 =  𝑉d𝑓, (3.4.2) 
 
where Vd is the mean splashed volume per impact and f is the impact frequency of the 
primary droplets. Denoting the mean volume of the primary droplets in the region C by 
Vp and the impact frequency in the region C by fmax, the flow rate Q can be written as 
 
 𝑄 =  𝑉p𝑓max. (3.4.3) 
 
Substituting Eqs. (3.4.2) and (3.4.3) into Eq. (3.4.1), the normalized splash ratio Sp* can 
be expressed as 
 
 𝑆𝑝∗ =  
𝑉d
𝑉p
×
𝑓
𝑓max
. (3.4.4) 
 
The impacting droplets were fairly spherical in the region C as depicted in the photo 
in Fig. 3.4.3. Hence, from the experiments of the single drop impact onto a liquid film, 
it would be expected that in the region C, the splash ratio per impact Vd/Vp can be 
expressed as a function of the impact Weber number Wep and the Ohnesorge number Ohp 
defined by 
 
 𝑊𝑒p =  
𝜌l𝑈p
2𝑑p
σ
, (3.4.5) 
 
 𝑂ℎp =
𝜇
√𝜌l𝜎𝑑p
. (3.4.6) 
 
where dp is the diameter and Up is impact velocity of the primary droplet,  is the liquid 
density,  is the viscosity of the liquid, and  is the surface tension. The volumetric 
average and the arithmetic average of the experimental values are used for dp and Up. 
Fig. 3.4.3 also indicates that in the region B, the liquid lumps were elongated in the 
vertical direction but the projected area of each liquid lump in the vertical direction was 
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in the same order with that of the more spherical droplets in the region C. It would hence 
be expected that although the volume of each impacting liquid lump is much greater in  
region B, the splash rate per impact is of the same order of magnitude in the regions B 
and C, and the splash rate per impact scaled by Vp can be correlated by the same function 
of Wep and Ohp. Although Vd cannot be measured directly in the present experimental 
setup, Eq. (4) permits to estimate the values of Vd/Vp from the experimental data of Sp
*, 
fmax, and f by 
 
 
𝑉d
𝑉p
= 𝑆𝑝∗
𝑓max
𝑓
. (3.4.7) 
 
In view of this, the experimental values of Sp*fmax/f are plotted against Wep in Fig. 
3.4.4. It can be seen that the value of Sp*fmax / f tends to increase asymptotically with an 
increase in Wep and becomes fairly constant at sufficiently large Wep. No noticeable 
discontinuity is seen between the data obtained in regions B and C as expected from 
the above discussion. However, as an overall trend, if Wep is same, the value of Sp
*fmax/f 
is greater for the low viscosity liquid (water). To include the effects of liquid properties 
on the asymptotic value of Sp*fmax/f and the increasing rate of Sp
*fmax/f with an increase 
in Wep, the functional form  
 
 𝑆𝑝∗
𝑓max
𝑓
= 𝑎𝑂ℎp
b tanh(c𝑊𝑒p
d𝑂ℎp
e) (3.4.8) 
 
is assumed. 
After trial and error, the correlation  
 
𝑆𝑝∗
𝑓max
𝑓
= 0.17𝑂ℎp
−0.23 tanh(1.77 × 10−7𝑊𝑒p
1.84𝑂ℎp
−0.35). (3.4.9) 
 
was found to correlate the experimental data accumulated in this work satisfactorily 
well. 
Comparisons of the above correlation with the experimental data are presented in Fig. 
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3.4.5. One can see that most data are included within the error band of 0.1. 
It should be noted that in the prediction of Sp*, appropriate correlations are needed 
for fmax, f, dp, and Up since experimental data cannot be obtained for these values. Thus, 
these parameters concerning the jet breakup are calculated using the correlation 
developed in this paper. The values of Sp* can be calculated using Eq. (3.4.9) are 
compared with the experimental data accumulated in this work in Fig. 3.4.6. It can be 
seen that the present model for the splash ratio describes the present experimental data 
fairly well (197 out of 204 data lie within an error of 0.2). 
 
Table 3.4.1 Measurement accuracy. 
d0 
[mm] 
Q 
[ml/min] 
Sp* [-] Error 
30sec 60sec 
1 130 0.01883 0.01921 98% 
1 190 0.00037 0.00037 100% 
1 370 0.21165 0.20526 103% 
2 220 0.06092 0.06280 97% 
2 883 0.20955 0.22115 95% 
2 1200 0.53631 0.56453 95% 
 
 
Fig. 3.4.1 Schematic diagram of droplet collection device. 
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Fig. 3.4.2 Dependence of splash ratio Sp* on the distance between the droplet collection 
device and the target plate H. (measurement time t = 30s). 
 
  
Fig. 3.4.3 Spatial evolution of the liquid jet from a nozzle. 
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Fig. 3.4.4 Relation between Wep and the splash ratio per one primary droplet impact 
as defined by Vd/Vp = Sp
*fmax/f. 
 
 
Fig. 3.4.5 Comparisons of the measured data with the proposed correlation for the 
splash ratio Sp* per impact. 
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Fig. 3.4.6 Comparisons of the measured and calculated splash ratio Sp*. 
 
3.4.2 Size of secondary droplets 
In the size measurement of secondary droplets, two rectangular baffle plates were 
placed above the target disk as sketched in Fig. 3.4.7 and the splashed droplets were 
recorded using a high-speed camera whose position is depicted in Fig. 3.4.7(a). The 
distance between the plates and disk was 50 mm and the distance between the two baffle 
plates was three times the nozzle diameter d0. With this arrangement, the secondary 
droplets outside the focal plane could be eliminated and the effect of the distance from 
the camera on the measured droplet size was reduced to less than 1%. Droplet size 
measurement was performed for 200 droplets that were randomly selected in the movie 
data. The spatial resolution of the image was 30 m/pixel. In the droplet size 
measurement through image analysis, the original images were binarized using the 
ISODATA method [58]. The samples of the original and binarized droplet images are 
shown in Fig. 3.4.8. 
The relation between dp and ds, SM in each experiment is presented in Fig. 3.4.9 (a); 
here, dp refers the volume-mean primary drop diameter in the region C and ds, SM the 
Sauter-mean secondary drop diameter. It can be seen that ds, SM is roughly proportional 
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to dp (ds, SM  0.1dp). Hence dp can be considered to be an appropriate scaling parameter 
of ds, SM. Therefore, the dimensionless secondary droplet diameter was defined as ds, SM 
/ dp and plotted against the impact Weber number Wep in Fig. 3.4.9 (b). The figure 
indicates that ds, SM can be expressed as 
 
𝑑s,SM / 𝑑p  =  0.27𝑊𝑒p
−0.12. (3.4.10) 
 
To predict ds, SM using the above equation, correlations for dp and the velocity Up of the 
primary droplets are necessary. Calculating these quantities using Eqs. (3.3.4)-( 3.3.6), 
respectively, the predicted values of ds, SM are compared with the experimental data in 
Fig. 3.4.10. It can be seen that the present experimental data of ds, SM are predicted by 
the present correlations within the error of 40%. 
To explore the size distribution of secondary droplets, examples of the cumulative 
distribution and probability density distribution of d* (= ds, SM / dp) are presented in Figs. 
3.4.11(a) and (b), respectively. In Fig. 3.4.11(b), the histogram bin width used to derive 
the probabilistic density distribution was determined by the Freedman–Diaconis rule 
which is designed to minimize the difference between the area under the empirical 
probability distribution and the area under the theoretical probability distribution [48]. 
The log-normal, Gaussian, and gamma distributions were tested to fit the measured 
distributions of d*. As can be seen in Figs. 3.4.11(a) and (b), best-fit was achieved by 
the log-normal distribution. Thus, the distribution of d
* is expressed by the log-normal 
distribution as 
 
𝑃 =  
1
2
𝑒𝑟𝑓𝑐 (－
𝑙𝑛𝑑∗−𝛼
√2𝛽
), (3.4.11) 
 
where α and β are the parameters to determine the log-normal distribution. 
Dependences of αand β on the impact Weber number Wep are explored in Figs. 3.4.12(a) 
and (b), respectively. As shown in the figures, αand β are correlated by 
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𝛼 = －1.19𝑊𝑒p
0.13,  (3.4.12) 
 
𝛽 = 0.67. (3.4.13) 
 
Using these values, the expectation value E and the variance V of d* are calculated as  
 
𝐸 =  𝑒𝛼+𝛽
2/2 =  𝑒−1.19𝑊𝑒p
0.13 +0.22, (3.4.14) 
 
𝑉 = 𝑒2𝛼+𝛽
2
(𝑒𝛽
2
− 1) =  0.58𝑒−2.38𝑊𝑒p
0.13+0.45. (3.4.15) 
 
The calculated values of E and V are compared with the experimental data in Figs. 
3.4.13(a) and (b), respectively. The values of E and V can be correlated within the errors 
of 50% and 70%, respectively. 
 
 
 
(a) top view                   (b) elevated view 
Fig. 3.4.7 Arrangements of the baffle plates in the secondary drop size 
measurement.  
 
55 
 
      
(a) original                       (b) binarized 
Fig. 3.4.8 Photo of splashed droplets and processed picture. 
 
  
(a) Relation between ds, SM and dp 
 
(b) Dependence of ds, SM/dp on Wep 
Fig. 3.4.9 Correlation for the Sauter-mean secondary droplet diameter ds, SM. 
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Fig. 3.4.10 Comparisons of the measured and calculated Sauter-mean secondary 
droplet diameter ds, SM. 
 
 
(a) Cumulative distribution 
 
(b) Probabilistic density function 
Fig. 3.4.11 Fitting of secondary droplet diameter with several distribution 
functions. 
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(a) Correlation for  
 
(b) Correlation for  
Fig. 3.4.12 Dependences of the log-normal distribution parameters on impact Weber 
number Wep. 
 
 
(a) Expectation value E 
 
(b) Variance V 
 Fig. 3.4.13 Comparisons of the measured and calculated values of E and V of the 
dimensionless secondary droplet diameter. 
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3.5 Other important parameters 
3.5.1 Dripping regime 
As mentioned in Section 1.2, if the jet velocity U0 is close to 0, the breakup regime 
will change to dripping from laminar. Figs.3.5.1 (a), (b) and (c) show dripping. Jet flow 
with instabilities of the Rayleigh-Plateau type is shown in (e). The elongated liquid 
column has not yet developed in (d). 
 
 
     
 ( a ) ( b ) ( c ) ( d ) ( e ) 
Q 1 ml/min 5 ml/min 28 ml/min 45 ml/min 65 ml/min 
Mode dripping dripping dripping dripping 
~jetting 
Jetting 
(laminar) 
Fig. 3.5.1 Visualization of dripping regime to jetting regime (d0 = 2mm). 
 
3.5.2 Liquid film 
The thickness of the liquid film is an important parameter in determining the outcome 
of jet impingement. The thickness of the liquid film at the impact point Hf was hence 
measured immediately before the droplets impact. To correlate the film thickness, the 
characteristic length scale was defined by 
 
 𝑑 = (
6𝑄
π𝑓
)
1
3. (3.5.1) 
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The liquid film thickness is influenced by the Reynolds number of the impacting 
droplets. Hence, the dimensionless liquid film thickness Hf / d is expressed as a function 
of the Reynolds number defined by 
 
 𝑅𝑒p =
𝜌𝑈p𝑑p
𝜇
. (3.5.3) 
 
The experimental values of Hf / d are plotted against Rep in Fig. 3.5.5. It can be seen 
that Hf / d tends to decrease with an increase in Rep. This suggests that the liquid film 
thickness at the instant of impact decreases with an increase in the inertia force of 
impacting droplets.  
 
 
Fig. 3.5.2 Dependence of the dimensionless liquid film thickness Hf /d on Rep. 
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3.5.3 Continue jet collision 
The same spray droplets collection experiment as in Section 3.4 was repeated with a 
continuous jet collision. As shown in the Table 3.5.1, for both low and high flow rate, 
Sp* are less than 1%.  
 
Table 3.5.1 Splashing ratio for a continuous jet. 
Q d0 L L1 L/L1 Sp
* Wep 
200 2 150 164.2 0.91 0.00012 108.9659 
300 2 180 281.1 0.64 0.00006 160.9952 
300 2 250 281.1 0.88 0.00010 195.2531 
900 2 120 134.6 0.89 0.00668 670.4342 
1000 2 120 137.5 0.87 0.00260 812.7615 
1200 2 120 154 0.77 0.00013 1142.362 
1400 2 160 185 0.86 0.00406 1536.182 
1600 2 160 198 0.80 0.00305 1980.599 
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3.6 Summary 
At laminar, transitional and turbulent regimes, with the impact frequency expressed 
as function of the minimal and maximal breakup lengths as well as the maximal impact 
frequency, a correlation for the impact frequency was developed. Splashing mainly 
occurred when the primary droplets which were produced following the jet breakup 
impinged on the liquid film on a solid surface. Based on this observation, the mass of 
splashed droplets was assumed to be proportional to the number of impacts of primary 
droplets. It was further assumed that the mass of secondary droplets splashed per impact 
can be expressed as a function of the impact Weber number and the Ohnesorge number. 
It was shown that the resulting dimensionless correlation for the splash ratio achieves 
fairly good agreement with the experimental data.  
The mean diameter of secondary droplets was expressed as a function of the mean 
diameter of the primary droplets and the impact Weber number. It was shown that the 
size distribution of the secondary droplets can be fitted with the log-normal distribution. 
Two parameters determining the profile of log-normal distribution were correlated by 
the impact Weber number. The predicted values of the expected value and the variance 
agreed with the present experimental data well.  
It should be noted that sodium is a liquid of low viscosity and high surface tension ( 
= 0.274 mPas and  = 164 mN/m at 700 K) and the value of Oh0 is calculated to be 
0.000519 at the nozzle diameter of 2 mm. Since the correlations developed in this work 
were reasonably accurate for the liquids of Oh0 = 0.00186-0.0100, it would be expected 
that they can be extrapolated for jets of liquid sodium. Applying the present model to 
the condition encountered during a liquid sodium leak event would hence be 
recommended to improve the sodium fire analysis codes for the fast reactors. However, 
since the value of Oh0 for the liquid sodium jet is beyond the experimental range tested 
in this work, it is desirable to carry out the experiments at the low Oh0 condition in the 
future to confirm the applicability of the correlations developed in this work to liquid 
sodium jet. To achieve this condition, however, use of liquid metal as the test liquid or 
increase of the nozzle diameter to about 50 mm in the water experiment is necessary. 
Since such experiments are very difficult to carry out, development of numerical 
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simulation methods for the jet breakup and droplet splashing might be more promising 
option to explore the influence of Oh0. 
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4. DOWNWARD COLLISION (SINGLE-PHASE JET 
WITH OVAL NOZZLE) 
4.1 Introduction 
If a leakage of coolant occurs in a sodium-cooled fast breeder reactor, different 
shapes of hole may be formed. Therefore, the effect of nozzle shape on jet breakup in 
our experiment must also be investigated. As shown in Fig. 4.1.1, Wang et al. indicated 
that the breakup length is different for circular, rectangular, square, and triangular 
nozzles compared to a circular nozzle of the same area [61]. As shown in Fig. 4.1.2, 
even when the cross section area of the opening of the nozzle is close to column, Suzuki 
et al. discovered a jet shaped like a bamboo leaf-like using a rectangular nozzle [62]. In 
this section, four types of oval nozzles were used to explore the effects of the shape on 
the jet breakup. The experiments with oval nozzles were compared to the data for a 
circular nozzle. The size of the nozzles are listed in Table 2.1.1. 
 
 
Fig. 4.1.1 Breakup length in Wang et al [61]. 
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Fig. 4.1.2 Shape of liquid jets from Suzuki et al. [62]. 
 
4.2 Minimal breakup length 
  As discussed in Section 3.2, the liquid jet breakup is caused by the Plateau–Rayleigh 
instability in the laminar regime and by gas-liquid friction in the turbulent regime.  
Figs. 4.2.1 shows the dimensionless minimal breakup length L1/d0 plotted against 
Weber number. It could be classified into laminar and turbulent regimes according to 
the change tendency of the breakup length. It is worth noting that the laminar regime 
was classified into two regimes. As shown in Fig. 4.2.2 (a), when We0 < 10, L1/d0 is 
close to that of the circular nozzles. Fig. 4.2.2 (b) shows, when We0 > 10, L1/d0 with 
oval nozzle is shorter than that of the circular nozzles. In the turbulent regime, L1/d0 is 
close to that of the circular nozzles. (see Fig. 4.2.2 (c)).  
Fig. 4.2.3 shows a snapshot of liquid jet with oval nozzle when We0 > 10 at laminar 
regime. The Plateau–Rayleigh instability was absent while the waveforms caused by 
the aspect ratio were discovered in this flow regime. It is considered that the waveforms 
of Fig. 4.2.3 is the reason why L1/d0 is shorter than that of the circular nozzles as shown 
in Fig. 4.2.2 (b). 
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Fig. 4.2.1 Dependence of L1/d0 on We0. 
 
  
(a) Laminar regime (We0 < 10). 
  
(b) Laminar regime (We0 > 10). 
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(c) Turbulent regime 
Fig. 4.2.2 Comparisons of L1/d0 with circular and oval nozzle. 
 
  
(a) Long side        (b) Short side 
Fig. 4.2.3 Liquid jet from perpendicular directions. 
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4.3 Primary droplet size 
  Suzuki et al. [62] showed that regardless of whether a circular or oval nozzle is used, 
apart from the dripping regime, the diameter of primary droplets dp tends to a certain 
value [62]. Fig. 4.3.1 shows experimental data of dp against the velocity of liquid jet U0. 
The diameter of primary droplets dp using 1mm, 2mm and 4mm circular nozzles was 
plotted in black symbols. In the turbulent regime (high flow rate), the same results as 
by Suzuki et al. [62] were found. Therefore, apart from the dripping regime, the average 
value of dp was defined as dp, ave.  The results of primary droplet diameter, rendered 
dimensionless with the nozzle equivalent diameter dp, ave /d0 are plotted against the 
aspect ratio of the nozzle in Fig. 4.3.2. dp, ave /d0 decreases with the aspect ratio. It could 
be seen that the liquid jet discharged by an oval nozzle breaks up into larger primary 
droplets. 
 
  
Fig. 4.3.1 Size of droplets for different nozzle shapes and flow regimes. 
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Fig. 4.3.2 Effect of the aspect ratio on dp ave/d0 with circular and oval nozzles. 
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4.4 Splash ratio 
In the measurement of the splash rate, the same experiment as in Section 3.4 was 
conducted by using two types of oval nozzles. The splash ratio was measured at the fall 
height where the jet broke up completely (L=500mm). The experimental values of 
Sp*fmax / f are plotted against Wep in Fig. 4.4.1. As the data for the circular valves and 
the oval data are on the same curve, it can be seen that the present model for the splash 
ratio predicts the splash ration for the oblong nozzle data fairly well. 
 
  
Fig. 4.4.1 Comparisons of Sp* with circular and oval nozzle. 
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4.5 Summary 
  In this chapter, the same experiments with Chapter 3 were conducted by using oval 
nozzles. In the laminar regime, the Plateau–Rayleigh instability was absent and the 
experimental values for the minimal breakup length were lower than for circular 
nozzles. In the turbulent regime, L1/d0 for oval nozzles and circular nozzles are almost 
the same. The average value of primary droplets decreases with the aspect ratio and it 
is assumed that a liquid jet discharged by an oval nozzle breaks up into larger primary 
droplets. The applicability of the model for the splash ratio was verified. 
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5. DOWNWARD COLLISION (TWO-PHASE JET) 
5.1 Introduction 
In this chapter, as a first step toward elucidating the droplet carry-over phenomenon 
in a gas-liquid separator, an experiment was performed on a vertically downward 
directed two-phase (gas-liquid) jet. From the experimental results on single-phase 
liquid jets, it can be seen that even in the case of the two-phase jet, a large number of 
secondary droplets are generated by the breakup when the liquid jet collides with the 
solid surface. Fig.5.1.1 (a), (c) show the breakup of the gas-liquid two-phase jet 
assumed in this study. In many gas-liquid separators in industrial plants, the volumetric 
flow rate of gas is larger than that of the liquid. For this reason, it is assumed that the 
liquid forms an annular liquid film at the ejection hole, and the gas phase is ejected at 
a high speed from the center of the hole. In this study, the minimal breakup length of 
the annular liquid film is denoted as L1 and the maximal breakup length by L2. In this 
case, if the collision distance L is L < L1, the amount of generated and carried-over 
secondary droplet is small, but when L exceeds L1, the amount of generated secondary 
droplets gradually increases as L increases. Therefore, it is important to accurately 
evaluate L1 in designing a steam separator. 
As a first step to elucidate carry-over of droplet, we studied the minimal breakup 
length L1 of a gas-liquid two-phase jet experimentally. The direction of the gas-liquid 
two-phase jet in conventional gas-liquid separators is horizontal, but to have a more 
practical setup, the jet direction in this research is chosen vertically downward with 
axial symmetry. In the experiments, air and water were used as the test liquids, and the 
two-phase jet was discharged vertically downward from a circular nozzle. An annular 
liquid film formed at the nozzle exit. The deformation of the liquid film became 
significant with an increase in the gas flow rate, suggesting that the deformation was 
caused mainly by the shearing force exerted by the high-speed gas core flow. The 
breakup of the liquid film occurred after the deformation.  
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(a) Impact frequency, (b)Single-phase, (c)Two-phase 
Fig. 5.1.1 Comparison of single-phase and two-phase jets. 
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5.2 Deformation of liquid jet 
  Figs. 5.2.1 shows the gas-liquid two-phase jet when the gas flow rate is changed at 
Jl = 0.88 m / s. After passing out of the nozzle, the liquid phase forms an annular liquid 
film. It can be seen that the degree of deformation gradually increases towards 
downstream, and finally breaks up. 
In order to obtain quantitative information on the deformation of the jet, the jet width 
of the jet W was measured from the projected image obtained with a high-speed camera, 
as schematically shown in Fig. 5.2.1 (a). In addition, the measurement position L of W 
was chosen upstream from the breakup start position of the jet (L <L1). Figs. 5.2.2 (a), 
(b) show the time variation of the jet width W. W fluctuates greatly over time due to 
the deformation of the jet. The effects of L and Jg on the mean and standard deviation 
of W are shown in Figs. 5.2.3 (a), (b), respectively. The average value of W is 
independent of the gas flow rate Jg and the distance L from the nozzle. It can be seen 
that the standard deviation of W, which is a parameter for the deformation of the jet, 
tends to increase as Jg and L increase. Since the standard deviation of W increases with 
the increasing of Jg, one can conclude that the deformation of the jet is mainly induced 
by the shear force acting on the inner surface of the annular liquid film from the gas 
flow. 
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 t=0ms t=10ms t=20ms t=30ms   t=0ms t=10ms t=20ms t=30ms 
 (a) Jl=0.88m/s, Jg=2.65m/s   (b) Jl=0.88m/s, Jg=5.31m/s 
     
  
    
 t=0ms t=10ms t=20ms t=30ms   t=0ms t=10ms t=20ms t=30ms 
 (c) Jl=0.88m/s, Jg=7.96m/s   (d) Jl=0.88m/s, Jg=10.61m/s 
Fig. 5.2.1  Visualization of the two-phase jet. 
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(a) Effect of distance from the nozzle                
   
(b) Effect of gas flow rate 
Fig. 5.2.2 Width of the liquid jet W.   
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(a) Jl=0.88m/s, Jg=7.96m/s 
 
(b) Jl=0.88m/s, L=150mm 
Fig. 5.2.3 Mean value (symbol) and standard deviation (bar) of 
 the width of the liquid jet W. 
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5.3 Minimal breakup length and liquid film 
As shown by the dashed line in Fig. 5.2.2 (a), the breakup length Lb of the liquid film 
varies with time. The minimal value of Lb was defined as the minimal breakup length 
L1. Assuming that the shear force acting on the inner surface of the annular liquid film 
strongly affects the deformation and breakup of the gas-liquid two-phase jet, the 
minimal breakup length L1 is considered to strongly depend on the relative speed of the 
gas-liquid jet. 
Fig. 5.3.1 shows the flow structure of the gas-liquid two-phase jet near the nozzle 
outlet. The flow velocities Ul and Ug of the liquid film and the gas flow can be expressed 
by the following equations as a function of Jl and Jg as 
 
 4(𝐷 − 𝛿)𝑈l = 𝐷
2𝐽l, (5.3.1) 
 
 (𝐷 − 2)2𝑈g = 𝐷
2𝐽g. (5.3.2) 
 
Here, D is the nozzle diameter, and  is the liquid film thickness. Assuming that the 
wall shear force acting on the liquid film and the gas-liquid interface shear force are 
balanced with reference to the model of Okawa et al. [63], the following equation 
 
 (𝐷 − 2)𝑓i𝜌g(𝑈g − 𝑈l)
2 = 𝐷𝑓w𝜌l𝑈l
2 (5.3.3) 
 
holds. Here, fi is the interfacial friction coefficient at the inner interface of the annular 
liquid film, fw is the wall friction coefficient, and ρg and ρl are the densities of the gas 
phase and the liquid phase, respectively. According to Wallis [64], fi and fw can be 
evaluated by  
 
 𝑓i  =  0.005 (1 + 300
𝛿
𝐷
), (5.3.4) 
 
78 
 
 𝑓w  =  max (
16
𝑅𝑒
, 0.005). (5.3.5) 
 
The Reynolds number in Eq. (5.3.5) can be expressed as Re =ρlJl D /μl. Here, μl is the 
viscosity coefficient of the liquid phase. From the Eqs. (5.3.1) to (5.3.5), Ul, Ug and can 
be calculated. Fig. 5.3.2 shows the relation between the L1 of the jet and the calculated 
liquid film thickness spray measured from the visualized image. As can be seen from 
the Fig. 5.3.2, the relation between L1 and 𝛿  is approximately proportional. This 
indicates that, as the thickness of the annular liquid film increases, the distance required 
for segmentation becomes longer. It can be concluded that the shear force acting on the 
annular liquid film from the air flow accelerates the breakup of the liquid film, while 
the surface tension acting on the interface of the liquid film suppress the breakup. 
Therefore, the dimensionless breakup length was defined as L1 /  𝛿and plotted this 
against the Weber number We = ρg (Ul-Ug)
2δ / σ in Fig 5.2.2. Here, σ is the surface 
tension. Fig. 5.2.3 shows the results. No clear correlation between L1 / 𝛿 and We can 
be observed in the parameter range of this study. Therefore, from the results in Fig. 
5.2.2, the equation   
 
 𝐿l = 59𝛿. (5.3.6) 
 
is proposed as a correlation equation regarding the minimal breakup length L1. 
 
 
Fig. 5.3.1 Structure of the gas-liquid two-phase jet at the nozzle outlet. 
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Fig. 5.3.2 Dependence of the minimal breakup length L1 on the  
annular liquid film thickness . 
 
 
Fig. 5.3.3 Dependence of the dimensionless minimal breakup length L1/  
on the Weber number We. 
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5.4 Summary 
It was shown that the annular liquid film flow undergoes an instability and breakup, 
mainly due to the shearing force acting on the inner interface of the annular liquid film 
from the high-speed airflow. The wall shear force acting on the liquid film and the gas-
liquid interface shear force are in equilibrium. There is a proportionality between the 
minimal breakup length L1 and the annular liquid film thickness . In addition, the 
influence of the Weber number We was also examined, but no clear correlation was 
observed between We and L1 / 𝛿.  
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6. UPWARD COLLISION 
6.1 Introduction 
If the liquid is sprayed upwards onto the solid surface of the ceiling, a part of the 
liquid will form secondary droplets, while the remaining part will form a liquid film. 
The liquid film with high density generates above air with low density. Droplets falling 
from a solid surface are associated with the Rayleigh-Taylor instability [66], [67]. The 
Rayleigh-Taylor instability is a phenomenon where minute disturbances at the interface 
grow and the interface is greatly deformed, when a high-density fluid exists above a 
low-density fluid. The fluid density ratio, surface tension, viscosity, and compressibility 
are factors in the development of a of Rayleigh-Taylor instability [68]. Through 
numerical simulation, Matsuoka showed the existence of instability phenomena could 
be caused by two liquids of different densities. When the Atwood number A is close to 
1.0 A = (ρ1-ρ2) / (ρ1+ρ2), where ρ1 = fluid with higher density, ρ2 = fluid with lower 
density, the winding up of the vortex layer does not occur at the interface, and the vortex 
layer assumes the shape of a droplet [69]. The size of the generated droplets was 
analyzed by using the framework of Rayleigh–Taylor instability. 
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6.2 Type of droplet generation 
Snapshots of an impact on the ceiling are shown in Fig. 6.2.1. The generated droplets 
can be classified into falling droplets, liquid threads and secondary droplets by 
impaction as can be seen in Fig. 6.2.1 (a). The shape of the falling droplets was similar 
to the results of Matsuoka [69]. Fig. 6.2.1 (b) shows how after a first falling droplet the 
liquid thread broke first into several little droplets called satellite falling droplets in 
following.  
 
 
(a)                      (b) 
Fig. 6.2.1 Types of droplet generation 
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6.3 Droplet size 
6.3.1 Falling droplets 
The diameter of each kind of droplet and the frequency of the generation of falling 
droplet were measured by image analysis. With the same test liquid, the dependence of 
the diameter of the first falling droplet d1 on three impact distances L was depicted in 
Fig. 6.3.1. d1 was found to be constant regardless of the flow rate and the distance 
between the plate and the nozzle.  
As graphed in Fig. 6.3.2, compared to water and glycerin, the ethanol solutions with 
smaller surface tension had first falling droplets with smaller diameter d1. It was found 
that in aqueous solutions of glycerin with surface tension close to water, d1 was also 
close to water. In addition, in aqueous solutions with 20% and 40% ethanol, it was 
found that d1 was smaller at 40% due to the smaller surface tension. From the above, 
as shown in Fig. 6.3.3, the diameter of first falling droplets is related to the value of the 
surface tension. As discussed above, a liquid film forms on the ceiling. In this case, the 
high density liquid layer is above the low density gas layer, and the interface of liquid 
film is unstable. Therefore, the wavelength of the Rayleigh-Taylor instability λ should 
correlate with the diameter of first droplet falling d1 from the ceiling. With the surface 
tension σ, the densities for liquid ρl and gas ρg, the wavelength λ is given by 
 
 
𝜆 = √3 [
𝜎
𝑔(𝜌l−𝜌g)
]
1
2
. (6.3.1) 
 
The experimental values of d1 are plotted against λ in Fig. 6.3.4. d1 is calculated as 
 
 𝑑1 = 1.56 𝜆. (6.3.2) 
 
Fig. 6.3.5 sketches the breakup into different falling droplets. It is found that the satellite 
falling droplets are related to λ. As expressed in Fig. 6.3.6, the diameter of the falling 
droplets can be expressed as 
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 𝑑𝑛
𝜆
=
1.56
𝑛
. (6.3.3) 
 
Hoeve et al. examined conditions for generating satellite droplets when a liquid jet 
breaks up. According to the study by Hoeve et al. [70], in the dripping regime, the 
conditions for generating satellite droplets are related to the Ohnesorge number Oh of 
the liquid jet. The number of falling droplets N is plotted against the Ohnesorge number 
Oh =𝜇 /√𝜌l𝜎λ in Fig 6.3.7. N can be expressed as 
 
 𝑁 = 0.16𝑂ℎ−0.36. (6.3.4) 
 
  
Fig. 6.3.1 Dependence of the diameter of the first falling droplet d1  
on disparate impact distances L. 
 
Fig. 6.3.2 Dependence of the diameter of the first falling droplet d1  
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Fig. 6.3.3 Dependence of the diameter of the first falling droplet d1 with disparate 
surface tension σ of the test liquids. 
 
 
Fig. 6.3.4 Relation between the diameter of the first falling droplet d1 and the 
wavelength of the Rayleigh-Taylor instability theory λ. 
 
  
Fig. 6.3.5 Number of falling droplet after breakup. 
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Fig. 6.3.6 Size dependence of the diameter of successive  
falling droplets after breakup. 
 
  
Fig. 6.3.7 Correlation of N. 
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receiving liquid) is applied to a transparent container with a shutter mechanism, and 
secondary droplets bouncing off the ceiling plate are collected by opening and closing 
the shutter. Fig. 6.3.8 shows a microscopic image of the droplets collected in the 
experiment. To confirm the reproducibility of the oil immersion method, the diameter 
of secondary droplets ds was measured twice. Over 20 droplets were measured and the 
mean and standard deviation of the ds was graphed in the Fig 6.3.9. Furthermore, the 
measuring range of secondary droplets was drawn in Fig 6. 3.10(a). Three 
measurements were taken on the boundary of the measuring range. Fig 6. 3.10(b) shows 
that the size of the secondary droplets is almost constant in the measuring range. The 
size of the primary droplets was measured by the same method. The dependence of the 
diameter dp of the primary droplets on the flow rate Q of the jet flow is shown in Fig 
6.3.11. One can see that dp tends to decrease as Q increases. The diameter of the 
secondary droplets ds was plotted against dp in Fig. 6.3.12. It can be seen that in our 
experiment, ds is almost the same as dp. 
 
 
Fig. 6.3.8 Droplets recorded with the oil immersion method. 
 
88 
 
  
Fig. 6.3.9 Confirmation of the reproducibility of the oil immersion method. 
 
 
    (a) 
 
    (b) 
Fig. 6.3.10 Measuring range for the secondary droplets. 
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Fig. 6.3.11 Dependence of the diameter of the primary droplets dp on flow rate Q. 
 
  
Fig. 6.3.12 Relation of the diameter of the primary droplets dp and the diameter of 
secondary droplets ds for different kinds of fluids. 
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6.4 Splash ratio 
Since it is difficult to measure the splash rate in experiments for upward collisions 
directly, we calculate the splash rate by subtracting the amount of falling droplets from 
the total flow rate. Counting though the movies, the falling frequency of falling droplets 
ffalling was listed in Table 6.4.1. Thus, the volume percentage of the first falling droplets 
and the satellite falling droplets can be evaluated by 
 
 εFirst = 
𝑓falling  d1
3
6Q
 (6.4.1) 
 
and 
 
 εSatellite= 
𝑓falling ∑ 𝑑𝑛
3𝑁+1
𝑛=2
6𝑄
. (6.4.2) 
 
Since the liquid flow rate is constant, the splash ratio Sp* can be calculated by 
 
 𝑆𝑝∗ = 100%－ εFirst－εSatellite. (6.4.3) 
 
As can be seen from Fig. 6.4.1, εFirst and εSatellite tend to decrease as Q increases. That 
indicates that due to the increase of the inertial force of the primary droplets, the 
proportion of secondary droplets also increased. Hence, the splash ratio of secondary 
droplets was plotted again the Weber number. The correlation was, as can be seen in 
Fig. 6.4.2, well described by 
 
 𝑆𝑝∗ = 0.034𝑊𝑒0.35. (6.4.4) 
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Table 6.4.1 Frequency of falling droplets. 
Test liquid Water Glycerin 20% Ethanol 20% Ethanol 40% 
Q [ml/min] ffalling [Hz] 
300 15 17 30 44 
500 20 22 41 62 
700 25 27 51 74 
900 30 32 62 87 
 
 
Fig. 6.4.1 Dependence of the volume percentage ε of falling droplets  
on the flow rate Q. 
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6.5 Summary 
In this chapter, using a conic spray nozzle, droplets generated in the upward 
experiment were classified into first falling droplets, satellite droplets, and secondary 
droplets. It was found that the diameter of the falling droplets was related to the value 
of the surface tension. Based on the instability theory for liquid films, a predictive 
correlation equation was created with parameters based on critical wavelength of the 
Rayleigh-Taylor instability. The average diameter of the secondary droplets was found 
to be comparable to the diameter of the primary droplet. Based on the Weber number, 
a correlation formula of the secondary droplet splash ratio was constructed. However, 
only one type of nozzle was used in this Chapter. Obviously, Nozzles of a different 
shape may produce different size of primary droplets. The effects of nozzle shape 
should be discussed in the future. 
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7. CONCLUSION 
In this work, to study the mass and size of secondary droplets generated during jet 
collision, four experiments were performed, namely downward single-phase jet 
collisions, downward single-phase jet collisions with oval nozzles, downward two-
phase jet collisions and upward jet collisions.  
In Chapter 3, a phenomenological model was developed for the generation of 
secondary droplets which form a downward liquid jet impinging onto a plate. The jet 
breakup was mainly discussed in terms of the resulting laminar, transitional and 
turbulent regimes. The impact frequency could be expressed as a function of the 
minimal and maximal breakup lengths and the maximal impact frequency. A correlation 
for the impact frequency was developed. Droplet splash mainly occurred when the 
primary droplets produced from the breakup of the jet which impinged on the liquid 
film that had formed on a solid surface. The mass of splashed droplets was assumed to 
be proportional to the number of impacts of primary droplets. It was further assumed 
that the mass of secondary droplets which were splashed per single impact could be 
expressed as a function of the impact Weber number and the Ohnesorge number. The 
mean diameter of secondary droplets was expressed as a function of the mean diameter 
of the primary droplets and the impact Weber number. It was shown that the size 
distribution of the secondary droplets can be fitted with the log-normal distribution. 
Two parameters determining the profile of log-normal distribution were correlated with 
the impact Weber number.  
In Chapter 4, the influence of the nozzle shape on the liquid jet breakup was 
investigated. The same experiments as in Chapter 3 was conducted with an oval nozzle. 
In the laminar regime, the Plateau–Rayleigh instability was absent, the experimental 
values of the minimal breakup length were shorter than for the circular nozzle. In the 
turbulent regime, the minimal breakup length for the oval nozzle and circular nozzle 
were almost the same. The average value of the primary droplets decreases with the 
aspect ratio and it can be assumed that the liquid jet discharged by an oval nozzle breaks 
up into larger primary droplets. The applicability of the model for splash ratio was 
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verified. 
In Chapter 5, the breakup of a two-phase jet was discussed for developing a method 
that can predict the carryover of droplets. It was shown how the annular liquid film flow 
is destabilized and breaks up, mainly due to the shear force acting on the inner interface 
of the annular liquid film from the high-speed airflow. The wall shear force acting on 
the liquid film and the gas-liquid interface shear force are in equilibrium and the annular 
liquid film thickness at the nozzle outlet was estimated. It is shown that there is a 
proportionality relationship. In addition, the influence of the Weber number was also 
examined, but no clear correlation was observed between the Weber number and the 
minimal breakup length. 
In Chapter 6, an collision experiment was conducted to investigate the droplet 
generation during the impact of an upward jet on the ceiling. The droplets generated in 
the upward experiment were classified into first falling droplets, satellite droplets, and 
secondary droplets. It was found that the diameter of the falling droplets was related to 
the value of the surface tension. Based on the instability theory of liquid films, a 
predictive correlation equation was set up with the critical wavelength of Rayleigh-
Taylor instability as parameter. The average diameter of the secondary droplets was 
found to be comparable to the primary droplet diameter. Based on the Weber number, 
a correlation formula of the secondary droplet splash ratio was constructed. 
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NOMENCLATURE 
a safety factor for the breakup length [-] 
a1 acceleration at the onset of the breakup [m/s
2] 
aP acceleration of the impacting droplet [m/s
2] 
A Atwood number [-] 
b safety factor for the maximal impact frequency [-] 
CD drag coefficient [-] 
d0 nozzle diameter [m] 
d1 diameter of the liquid at the onset of the breakup [m] 
d1 diameter of the first falling droplet [m] 
dn diameter of the falling droplet [m] 
dp diameter of the impacting droplet [m] 
ds diameter of the secondary droplet [m] 
d* dimensionless diameter of the secondary droplet [-] 
D tube diameter [m] 
E expectation value [-] 
ffalling falling frequency of the falling droplet [Hz] 
f impact frequency [Hz] 
fi friction factor of the interface [-] 
fw friction factor of the wall [-] 
fmax maximal breakup frequency [Hz] 
f* dimensionless impact frequency [-] 
Fr Froude number [-] 
g gravitational acceleration [m/s2] 
H height of droplet collection device [m] 
Hf thickness of the liquid film [m] 
J volumetric flux [m/s] 
k fitting factor of the error function [-] 
L falling height [m] 
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L* dimensionless falling height [-] 
L1 minimal breakup length [m] 
L2 maximal breakup length [m] 
Lb breakup length of the liquid jet [m] 
m mass of the droplet [kg] 
N number of the falling droplet [-] 
Oh Ohnesorge number [-] 
Oh0 Ohnesorge number of the liquid jet [-] 
Ohp Ohnesorge number of the impacting droplet [-] 
P probability [-] 
Q flow rate of the liquid jet [m3/s] 
Re Reynolds number [-] 
Re0 Reynolds number of the liquid jet [-] 
S surface area of the droplet [m2] 
Sp splashing rate [m3/s] 
Sp* splash ratio [-] 
t time [s] 
T temperature [k] 
U cross-sectional velocity [m/s] 
U0 jet velocity at the nozzle [m/s] 
U1 jet velocity at the onset of breakup [m/s] 
Up velocity of the impacting droplet [m/s] 
V variance [-] 
Vd splashing volume per impact [m
3] 
Vp volume of the impacting droplet [m
3] 
W width of the liquid jet [m] 
We Weber number [-] 
We0 Weber number of the liquid jet [-] 
Wep Weber number of the impacting droplet [-] 
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Subscripts 
ave mean value 
SM Sauter-mean 
cal calculated value 
exp experimental value 
g gas phase 
l liquid phase 
 
Greek letters 
α parameters to determine the log-normal distribution [-] 
β parameters to determine the log-normal distribution [-] 
ε volume percentage [-] 
δ thickness of the liquid film [m] 
λ wavelength of the Rayleigh-Taylor instability [m] 
μ viscosity coefficient [Pa･s] 
𝜌 density [kg/m3] 
σ surface tension [N/m] 
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